Leishmania donovani is the causative agent of the potentially fatal disease visceral leishmaniasis (VL). Chemotherapeutic options available to treat VL are limited and often face parasite resistance, inconsistent efficacy, and toxic side effects. Paromomycin (PMM) was recently introduced to treat VL as a monotherapy and in combination therapy. It is vital to understand the mechanisms of PMM resistance to safeguard the drug. In the present study, we utilized experimentally generated PMM-resistant L. donovani to elucidate the mechanisms of resistance and parasite biology. We found increased membrane fluidity accompanied by decreased intracellular drug accumulation in the PMM-resistant parasites. There were marked increases in gene expression of ATP-binding cassette (ABC) transporters (MDR1 and MRPA) and protein phosphatase 2A that evince increased drug efflux. Further, evaluation of parasite tolerance toward host leishmanicidal mechanisms revealed PMM-resistant parasites as being more tolerant to nitrosative stress at the promastigote and amastigote stages. The PMM-resistant parasites also predicted a better survival capacity, as indicated by resistance to complement-mediated lysis and increased stimulation of host interleukin-10 (IL-10) expression. The susceptibilities of PMM-resistant isolates to other antileishmanial agents (sodium antimony gluconate and miltefosine) remained unchanged. The data implicated the roles of altered membrane fluidity, decreased drug accumulation, increased expression of ABC transporters, and greater tolerance of parasites to host defense mechanisms in conferring PMM resistance in Leishmania.
V
isceral leishmaniasis (VL) is a protozoan disease caused by members of the Leishmania donovani complex that is lethal in the absence of treatment. The disease is endemic in 70 countries, with a total of 200 million people at risk and an estimated 500,000 new infections annually in all age groups (1, 2) . More than 90% of the estimated VL cases occur in India, Bangladesh, Nepal, Sudan, Ethiopia, and Brazil, with India alone bearing almost 50% of the world's total disease burden (2) . Chemotherapy remains the mainstay of VL control, but there is only a limited arsenal of available drugs. Increased resistance against antimonials has been reported from many parts of the world, especially from the State of Bihar, India, where up to 65% of patients did not respond to treatment (3) . Amphotericin B is another highly effective antileishmanial agent; however, it is associated with severe side effects and requires hospitalization (4) . Miltefosine (MIL) was recently introduced as the first oral agent against VL. High cost, teratogenic potential, and reports of relapses following MIL treatment in VL raise concerns regarding the utility of MIL in VL control (5) (6) (7) .
Paromomycin (PMM) is an aminoglycoside antibiotic that has been used as an oral, topical, and parenteral drug for treatment of bacterial and parasitic infections. PMM was registered in 2006 in India for VL treatment. Phase IV trials confirmed the safety and efficacy of PMM to treat VL, with a cure rate of 94.2% (8) . The drug has also been effective in combination therapy (9, 10) . It was shown that antimony-resistant and -sensitive isolates are equally susceptible to PMM (11) . Studies aimed toward understanding the mechanisms of PMM resistance have been mostly confined to fungal and bacterial diseases (12, 13) . PMM resistance in prokaryotes has been associated with various mechanisms, such as decreased drug accumulation, mutations at the ribosomal binding sites, or enzymatic inactivation of the drug. There are limited studies on PMM resistance in Leishmania, which evince the involvement of mitochondrial membrane potential and decreases in drug uptake (14) (15) (16) . In our previous report, we compared the outcomes and stability of experimental PMM resistance induction in promastigotes and intracellular amastigotes (17) . Here, we exploited laboratory-generated PMM-resistant (PMM-R) parasites to examine changes in membrane fluidity, drug accumulation, mutations in rRNA genes, and mRNA expression of ATP-binding cassette (ABC) transporter genes (MDR1 and MRPA) and protein phosphatase 2A (PP2A). Additionally, we investigated the tolerance of PMMresistant parasites to host defense mechanisms, including nitrosative, oxidative, and complement-mediated stresses.
MATERIALS AND METHODS

Culture of parasites.
A clinical isolate of L. donovani, BHU573, was obtained from splenic aspiration fluid from an antimony-resistant patient reporting to the Kala-azar Medical Research Center (Muzaffarpur, Bihar, India), under the guidelines of the ethics committee of the institution. Using a cloned line of the antimony-resistant (PMM-sensitive [PMM-S]) clinical isolate BHU573, PMM resistance was artificially induced at the promastigote stage by stepwise increases in drug concentrations up to 97 M PMM, as described previously (17) . Promastigotes were cultured at 25°C in M199 medium with 25 mM HEPES (pH 7.4) supplemented with 10% fetal bovine serum (FBS), 100 IU penicillin G, and 100 g/ml streptomycin (18) .
Promastigote nitrosative and oxidative stress tests. The promastigote nitrosative and oxidative stress tests were performed as described elsewhere (22) . Assays were performed in sterile 96-well microtiter plates using promastigotes (10 5 cells/well) and different concentrations of stress-inducing agents, i.e., hydrogen peroxide (H 2 O 2 ) (9.76 to 10,000 M), 3-morpholinosydnonimine (SIN-1) (1.95 to 2,000 M), and Snitroso-N-acetyl-DL-penicillamine (SNAP) (0.98 to 1000 M). After 72 h of incubation at 25°C, 20 l resazurin (0.0125%) was added to each well and the plates were incubated further for 18 to 24 h except for those with SIN-1, for which the incubation period was 1 h. Cell viability was measured fluorometrically (excitation wavelength, 550 nm; emission wavelength, 590 nm) using a fluorometer (Tecan). The results were expressed as percent reduction in parasite viability, compared with untreated controls, and the 50% inhibitory concentration (IC 50 ) was calculated with Origin 6.0. All experiments were repeated twice in quadruplicate.
Amastigote stress tests. Evaluation of tolerance capacity against nitrosative stress and gamma interferon (IFN-␥)/lipopolysaccharide (LPS)-induced leishmanicidal activity at the amastigote stage was carried out using peritoneal macrophages infected with promastigotes, as described above. After 24 h of infection, noninternalized parasites were washed off and plates were incubated at 37°C for 48 h after the addition of different concentrations of SNAP (0, 25, 50, 100, 200, 400, or 800 M) or IFN-␥ (0.1 to 50 U/ml) plus LPS (0.1 to 50 ng/ml) (23) . Slides were fixed with methanol and stained with Diff-Quik solutions. The number of amastigotes per cell was counted in 100 macrophages, to calculate the mean survival rate at each concentration.
Complement-mediated cell lysis. Promastigotes (10 6 cells/ml in M199 medium with 20% FBS) were added to 96-well plates containing serial dilutions of freshly isolated human serum (0.78 to 50%), and the plates were incubated at 37°C for 60 min. Plates were incubated at 25°C for 24 h after the addition of 40 l of cold EDTA and 24 l of resazurin, and then fluorescence was measured using a fluorometer (Tecan) (24) .
Cytokine analysis. Peritoneal macrophages stimulated with IFN-␥/ LPS were infected with PMM-S or PMM-R parasites. After 48 h of infection, the supernatants were collected and interleukin-10 (IL-10) levels were estimated with a sandwich enzyme-linked immunosorbent assay (ELISA) (e-Biosciences), in accordance with the manufacturer's instructions.
Statistical analysis. Results are expressed as mean Ϯ standard deviation (SD). Student's t test was performed to evaluate significance, and P values of Ͻ0.05 were considered significant.
Ethics approval. The study was approved by the Ethics Committee of the Institute of Medical Sciences, Banaras Hindu University (Varanasi, India).
RESULTS
Susceptibility profile of PMM-R parasites with antileishmanial agents. PMM-R parasites showed a remarkable decrease (Ͼ5-fold) in susceptibility toward PMM as amastigotes, compared with PMM-S parasites (17) , whereas susceptibility to other antileishmanial agents (MIL and SAG) remained unaffected (Table 1) . Five clones were established from PMM-R parasites, and all ex- hibited susceptibility profiles similar to that of the parental strain, revealing a homogeneous population. Increased membrane fluidity of PMM-R parasites. The fluorescence anisotropy value of PMM-R isolates was 2.5 times lower than that of PMM-S isolates, indicating membrane modifications in the parasites upon induction of PMM resistance (Fig. 1) . As anisotropy is inversely proportional to membrane fluidity, the data indicated increased membrane fluidity in the PMM-R parasites, compared with PMM-S parasites.
Decreased PMM accumulation in PMM-R parasites. The changes in the membranes of PMM-R isolates paved the way for analysis of the intracellular levels of PMM. A comparison of drug accumulation in PMM-R and PMM-S parasites at different time points (up to 90 min) showed an approximately 3-fold decrease in drug accumulation in the PMM-R strain (Fig. 2) .
Increased expression of MDR1, MRPA, and protein phosphatase 2A in PMM resistance. In view of the role of the ABC gene family in drug resistance in Leishmania, we analyzed the expression of the MDR1 and MRPA genes in PMM-resistant parasites.
Marked increases in the levels of MDR1 (6.83 Ϯ 3.01-fold) and MRPA (11.47 Ϯ 0.22-fold) expression were observed in PMM-R parasites, in comparison with PMM-S parasites. Additionally, protein phosphatase 2A, which has a probable role in activating the expression of these transporters (25) , was found to be highly upregulated (4.47 Ϯ 0.71-fold) in PMM-R parasites (Fig. 3) .
Sequence analysis of rRNA genes. PCR sequencing of rRNA genes was carried out in order to analyze the presence of previously known mutations associated with PMM resistance. The results revealed identical sequences in PMM-R and PMM-S parasites.
Increased tolerance of PMM-R parasites to nitrosative stress at both promastigote and amastigote stages. We compared the responses of the PMM-R and PMM-S strains to nitrosative and oxidative stress. PMM-R promastigotes were significantly more tolerant to SIN-1 (nitric oxide [NO] plus O 2 donor) and SNAP (NO donor) than were PMM-S promastigotes. The resistant parasites were twice as tolerant (P ϭ 0.045) to NO/O 2 stress, with a mean IC 50 of 646.14 Ϯ 36.57 M, compared with the PMM-S strain (IC 50 , 328 Ϯ 4.24 M) (Fig. 4A) . The PMM-R parasites exhibited significant decreases in susceptibility (9-fold; P ϭ 0.0048) to NO stress, in comparison with PMM-S parasites, with mean Ϯ SD IC 50 values of 476.58 Ϯ 1.06 M and 52.95 Ϯ 3.48 M, respectively (Fig. 4B) . In contrast, the susceptibilities of PMM-R and PMM-S promastigotes to H 2 O 2 were similar, with mean IC 50 values of 176.03 Ϯ 12.27 M and 158.57 Ϯ 9.10 M, respectively (Fig. 4C) . Furthermore, the responses of PMM-R parasites to nitrosative stress (NO) were evaluated at the amastigote stage; the PMM-R parasites showed significantly lower susceptibility (P ϭ 0.0028) to nitrosative stress (NO) at the amastigote stage, compared with PMM-S parasites, with mean Ϯ SD IC 50 values of 88.12 Ϯ 5.17 M and 31.55 Ϯ 5.35 M, respectively (Fig. 4D) . 0.1, 1, 5, 10, and 50 U/ml; LPS, 0.1, 1, 5, 10, and 50 ng/ml). We observed significantly (P Ͻ 0.05) higher parasite burdens at concentrations above 5 U/ml IFN and 5 ng/ml LPS in macrophages infected with PMM-R isolates, compared with PMM-S parasites, indicating resistance of PMM-R isolates to macrophage killing mechanisms (Fig. 5) .
Increased tolerance of PMM-R parasites to IFN-␥/LPS-mediated leishmanicidal activity. The mean infectivity rates for PMM-S and PMM-R isolates were determined in macrophages treated with different concentrations of IFN-␥ and LPS (IFN-␥,
Increased resistance of PMM-R parasites to complementmediated lysis. The PMM-R isolates showed significantly higher (P ϭ 0.005) tolerance to complement-mediated lysis (mean IC 50 , 4.02% Ϯ 0.26%) than did PMM-S parasites (mean IC 50 , 2.08% Ϯ 0.16%), which indicates greater survival capability (since complement-mediated lysis is one of the first immune mechanisms encountered by promastigotes upon inoculation into the vertebrate host) and thus contributes to the fitness of PMM-R parasites (Fig. 6) .
Increased host IL-10 levels elicited by PMM-R parasites. IL-10 plays an important role in promoting parasite survival in the host. We assessed IL-10 levels in the supernatants of macrophages infected with PMM-R and PMM-S isolates and found significantly greater IL-10 production (P ϭ 0.03) in the host cells in response to PMM-R versus PMM-S parasites (Fig. 7) . Mean percent infectivity was calculated by infecting peritoneal macrophages with PMM-R and PMM-S promastigotes and treating them with different concentrations of IFN-␥ and LPS or leaving them untreated (control). After 48 h, the percentage of infected cells was determined. The graph represents mean Ϯ SD percent infectivity from two independent experiments in triplicate. *, P Ͻ 0.05.
FIG 6
Resistance of PMM-R parasites to complement-mediated lysis. Parasites were incubated with fresh human serum, and parasite survival rates were measured at different serum concentrations. The assay was performed thrice in triplicate. Values given are mean Ϯ SD percent survival.
DISCUSSION
The present study aimed to explore the mechanisms of experimental PMM resistance in L. donovani and to evaluate the intrinsic susceptibility of the PMM-resistant parasites to host microbicidal activity. The laboratory-generated PMM-resistant strain showed a marked (Ͼ5-fold) decrease in susceptibility to PMM; however, the PMM-resistant parasites did not show any crosstolerance toward SAG and MIL.
Several studies have established the increased expression of ATP-binding cassette (ABC) transporter genes such as MRPA and MDR1 in SAG-resistant and amphotericin B-resistant L. donovani (20, 26, 27) . MDR1 and MRPA share a fundamental structure composed of transmembrane domains and nucleotide-binding domains, which are known to be involved in xenobiotic detoxification. The present study revealed remarkable increases in the expression of both MDR1 and MRPA in PMM-resistant parasites. The two transporters were reported to be modulated in Cryptosporidium parvum in the presence of PMM and cyclosporine (28) . ABC transporter genes are regulated by protein phosphatase, which may activate expression of the transporter genes or may modulate the drug-pumping activity or substrate specificity of the transporters. It was demonstrated that increased expression of Sit4 protein phosphatase conferred PMM resistance in Kluyveromyces lactis, mediated by ABC transporters (25) . Here we observed a marked increase in the expression of protein phosphatase 2A (a Sit4 protein phosphatase homologue in Leishmania) in paromomycin-resistant L. donovani, compared with its sensitive counterpart. Further studies based on overexpression of the ABC transporters are needed to verify transporter involvement in PMM resistance.
Resistance to drugs often results in modifications of the membrane structure and lipid composition, as observed in SAG-resistant and amphotericin B-resistant L. donovani (19, 26, 29) Here we observed a significant increase in membrane fluidity in paromomycin-resistant L. donovani, indicating alteration of the membrane composition of the parasites. Further, the resistant parasites showed marked decreases in intracellular drug accumulation, in line with the previous findings that indicated the association of PMM resistance with decreased drug accumulation (14, 16) . The decreased drug accumulation detected in PMM-resistant parasites in the present study could be due to increased drug efflux, decreased drug uptake, or increased drug metabolism.
The importance of reactive oxygen species and nitrogen species in the host defense system in the context of antimony resistance in VL led to the hypothesis that resistance might be linked to parasite tolerance to stress imposed by macrophages (22) . We investigated the susceptibility of the PMM-R parasites to macrophage killing mechanisms. Parasites are exposed to nitrosative and oxidative stresses upon phagocytosis by host macrophages; therefore, SNAP, SIN-1, and H 2 O 2 were used to impersonate the stress imposed by macrophages. The PMM-R parasites showed significantly increased tolerance to NO as well as NO plus O 2 at both the promastigote and amastigote stages, in comparison with PMM-S isolates, although the susceptibility to oxidative stress remained unaltered. IFN-␥ secreted by macrophages synergizes to upregulate production of reactive nitrogen intermediates that mediate leishmanicidal activity (30) . Analysis of parasite infectivity in macrophages incubated with IFN-␥ and LPS revealed dose-dependent suppressive effects on both PMM-R and PMM-S parasites; however, the PMM-R strain was significantly more resistant to the macrophages' antileishmanial killing mechanisms at higher stimulations (Ն5 U/ml IFN-␥ and Ն5 ng/ml LPS). IL-10 has roles in parasite persistence and inhibition of host leishmanicidal activity (31). Here we observed greater stimulation of host IL-10 with PMM-R parasites than with PMM-S parasites. In addition, the PMM-R isolate resisted complement-mediated lysis, in comparison with PMM-S parasites. Taken together, these findings indicate that experimentally induced PMM-resistant promastigotes were significantly more tolerant to host leishmanicidal activity than were sensitive parasites, which would confer survival benefits to the parasites. In view of the earlier observation that the PMM-R strain behaved differently when induction was performed at the promastigote versus amastigote stage (17) , it would be interesting to compare the types of adaptations with paromomycin resistance induced in amastigotes.
Our results seem to indicate that PMM-R parasites generated from an antimony-resistant isolate pushed adaptations (such as increased membrane fluidity and increased tolerance to leishmanicidal mechanisms) that were already present as a consequence of sodium stibogluconate resistance (19) . Overall, the study showed that PMM resistance in Leishmania is a multifactorial phenomenon involving ABC transporters and components of nitrosative stress defense mechanisms, which may be exploited to judiciously develop specific inhibitors.
